Congenital heart diseases (CHDs) are still the leading cause of death in neonates. Anterior segment dysgenesis is a broad clinical phenotype that affects the normal development of the eye, leading in most of the cases to glaucoma which is still a major cause of blindness for children and adolescents. Despite tremendous insights gained from genetic studies, a clear genotype-phenotype correlation is still difficult to draw. In Lebanon, a small country with still a high rate of consanguineous marriages, there are little data on the epidemiology of glaucoma amongst children with or without CHD. We carried out whole exome sequencing (WES) on a family with anterior segment dysgenesis, and CHD composed of three affected children with glaucoma, two of them with structural cardiac defects and three healthy siblings. The results unravel a novel mutation in FOXC1 (p. R127H) segregating with the phenotype and inherited from the mother, who did not develop glaucoma. We propose a digenic model for glaucoma in this family by combining the FOXC1 variant with a missense variant inherited from the father in the dermatopontin (DPT) gene. We also unravel a novel NFATC1 missense mutation predicted to be deleterious and present only in the patient with a severe ocular and cardiac phenotype. This is the first report on FOXC1 using WES to genetically characterize a family with both ocular and cardiac malformations. Our results support the usage of such technology to have a better genotype-phenotype picture for Mendelian-inherited diseases for which expressivity and penetrance are still not answered.
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Keywords: anterior segment dysgenesis, congenital heart disease, forkhead box c1, digenic, whole exome sequencing inTrODUcTiOn Glaucoma is the second leading cause of blindness in the world, according to the World Health Organization (1, 2) . It is characterized by a progressive damage of the eye's optic nerve, which is highly influenced by fluid building up in the front part of the eye leading to an increase in the intraocular pressure (IOP) (3, 4) . Genetic predisposition, aging, and environmental factors do play essential roles in the developing of the disease in adults; however, the financial, social, and familial burden is more sensed in the congenital and juvenile cases (3, (5) (6) (7) (8) . These cases are mostly linked to developmental defects in the formation and differentiation of the cells that make the ocular system in general, and in particular the optic nerve and the anterior segment which comprise the iris, the lens, and the cornea (3, 5, 6) .
Pediatric glaucomas are divided into two major types: primary congenital glaucoma (PCG), which accounts for 50-70% of all childhood cases, and syndromic-associated glaucomas that include among others juvenile open angle glaucoma (JOAG) (OMIM#37750, #603383, and #137760), aniridia (OMIM#106210), and the Axenfeld-Rieger syndrome (ARS) (OMIM#180500, #601499, and #602482). Linkage analyses and genome wide association studies have identified many loci and genes implicated in PCG, mostly inherited in an autosomal recessive form, diagnosed in the first year of life, and largely prevalent in countries with high consanguinity. Among these, MYOC (myocilin) and CYP1B1 (cytochrome P450) represent the frequently mutated genes linked to the phenotype (6, 9) . Interestingly, a digenic mode of inheritance with both CYP1B1 and MYOC mutations has been documented in patients with PCG highlighting the potential involvement of common genetic and molecular players in the disease (10) . JOAG is inherited mainly as a dominant trait with an onset age ranging from 3 to 35 years and characterized by high IOP requiring in most of the cases early surgical treatment. The major genetic players are mutations in MYOC with high prevalence and penetrance, followed by OPTN (optineurin) and WDR36 (WD repeat containing protein 36) (11) . Aniridia is a very rare panocular disease whereby glaucoma is diagnosed in 50-70% of the cases at later ages (end of adolescent, early adulthood). Mostly inherited as autosomal dominant, it is mainly caused by mutations in PAX6 (paired-box gene 6), the master regulator gene of eye development (12, 13) . As for ARS, it is an autosomal dominant disorder characterized by iris stromal hypoplasia, prominent Schwalbe line (embryotoxon), adhesion between the iris and Schwalbe line, microcornea, corneal opacity, and increased IOP that leads to glaucoma in about 50% of the cases (3, (14) (15) (16) (17) . Patients with ARS can also have maxillary hypoplasia, dental anomalies, umbilical hernia, and/or hypospadias. More rarely, they may have hydrocephalus, hearing loss, cardiac and kidney abnormalities, and congenital hip dislocation in addition to the ocular abnormalities. Globally, mutations in two genes FOXC1 (forkhead box c1) and PITX2 (paired-like homeodomain transcription factor 2) have been shown to be responsible for most of the cases with complete penetrance but variable expressivity (14, (17) (18) (19) .
FOXC1 belongs to the Forkhead box (FOX) family of transcription factors, which share an evolutionarily conserved DNA-binding domain known as the Forkhead domain (20) (21) (22) . In addition to the eye, it plays a dose-dependent evolutionary conserved role in the early development of the blood vessels, the brain, the heart, and the somites (23) . Foxc1 homozygous null mutant mice have a lethal phenotype; they die pre-and perinatally with hemorrhagic hydrocephalus and multiple skeletal, ocular, and genitourinary defects. They also suffer from cardiovascular defects, most notably, interruption or coarctation of the aortic arch (24, 25) . In addition to its critical role during ocular development, Foxc1 has a protective role in the adult eye. It regulates antiapoptotic genes such as Foxo1a in order to maintain homeostasis in the adult trabecular meshwork (TM), which is constantly exposed to aqueous humor (26) . By maintaining programmed cell death and thus proliferation of TM cells, FOXC1 is a major player in the onset of glaucoma once deregulated. In humans, deleterious FOXC1 mutations associated with ARS span the entire region of the protein including the DNA-binding and activation domains, resulting in reduced transcriptional activity due to haploinsufficiency. Despite the in vitro studies that assess these differential activities, a genotype-phenotype correlation map could not be established to explain the variable expressivity of the phenotype even among patients harboring the same mutation.
In Lebanon, a small country with still frequent consanguineous marriages, only one recent study addressed the genetic basis of congenital glaucoma (27) . We hereby describe the first FOXC1 missense mutation using whole exome sequencing (WES) in a Lebanese family with anterior segment dysgenesis and cardiac phenotypes. We showed that this novel mutation has different expressivity, but we propose a digenic model of inheritance that includes NFATC1 to explain the severe cardiac phenotype in one of the patients. Our findings explicitly call for a revision of the expressivity and penetrance terms in genetic inheritance by using WES as a tool to explain genotype-phenotype correlations.
MaTerials anD MeThODs

Patients recruitment
The study was approved by the institutional review board at the American University of Beirut. All patients, their legal guardians, and family members signed an informed consent form before being enrolled in the study. Patients presenting to the Department of Pediatrics and Adolescent Medicine with Congenital Heart Disease (CHD) were serially recruited in the study under IRB approved protocol BioCh.Gn.01. Blood samples were collected from a family consisting of six children and their parents. Two children presented with glaucoma and VSD and one with glaucoma only. Standard clinical evaluation included a complete physical examination, electrocardiography and two-dimensional transthoracic echocardiography with color Doppler were obtained. Family consanguinity history was utilized in constructing pedigrees after interviewing all patients and their parents.
exome sequencing
Blood samples were collected from all members, and the DNA was extracted using the Qiagen Blood-Midi kit (Qiagen Science Inc., Germantown, MD, USA), following the manufacturer's protocol. DNA quantification was performed using the NanoDrop (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the molecular core facility at AUB. One microgram of coded DNA samples from both parents, and the six children were shipped to Macrogen (South Korea, www.dna.macrogen.com) where exome sequencing was performed using the V6 Sureselect target
FigUre 1 | Glaucoma and congenital heart disease in a Lebanese family. The pedigree shows a two-generations family (roman numbers): circles and squares for females and males, respectively. Primary glaucoma and aniridia ( ) or glaucoma, aniridia, and congenital heart defects ( ). Double lines indicate first degree cousin marriages. Death is represented with an oblique black line. enrichment capture system from Agilent on a HiSeq4000 platform from Illumina (San Diego, CA, USA).
sanger sequencing
Sanger sequencing was used to confirm the missense mutation in FOXC1 by exome sequencing. Briefly, primers were designed to amplify partially the region on exon 1 of the gene that covers the mutation: 5′-CCTACGGGCCCTACACG-3′ (F) and 5′-GTTGTCCACGCTGAAGCC-3′ (R). The 749 bp PCR products were resolved on agarose gels, then purified using the QIAquick kits (Qiagen, Science Inc. Germantown, MD, USA). Sanger sequencing was carried out as previously described on an ABI3500 (Applied Biosystems, Foster City, CA, USA) platform at the American University of Beirut Molecular Core Facility. (Table S1 in Supplementary Material) implicated in glaucoma, anterior segment dysgenesis, microcornea, and microphthalmia.
Data analysis
We use an arbitrary model of inheritance that includes X-linked recessive, or autosomal dominant, or autosomal recessive with a minor allele frequency (MAF) less than 5%, and excluding synonymous and in-frame insertions/deletions variants. Only one novel variant in the coding region of FOXC1 was detected in the three affected children (Table 1) ; the chr 6:1611059C>T variant leads to a missense mutation p.R127C (NM_001453.2) in the DNA-binding domain of the protein. While being absent from the father and the three non-affected children, this missense mutation is inherited from the healthy mother and is predicted to be deleterious and damaging as ascertained by Sanger sequencing (Figure 2 ). Additionally, a missense variant in PCMTD1 was encountered in all family members, affected and unaffected, therefore excluding it from being responsible for the ocular phenotype ( Table 1) . 
genetic analysis (ii): a DPT Missense Variant inherited from the Father exclusively in the affected glaucomatous Patients
In order to understand the absence of ocular manifestations in the mother, we hypothesized that an additional variant inherited from the father with no effect on its own might be needed in conjunction with the FOXC1 variant to cause Glaucoma in the affected children. Using the Illumina variant studio, we filtered the variants that are only shared by the three affected individuals (II.3, 4, and 6) and their father I.1 (Figure 1) . The filtering process included all coding variants with an MAF < 5% and excluded synonymous and in-frame insertions/deletions variants. Among the six variants ( To delineate the cardiac phenotype observed exclusively in probands II.3 and II.6, a variant filtering approach was conducted using a two-arm strategy. The variants should have the following characteristics; first, they must have an MAF < 5%, exclusively shared by the two individuals and absent from the others, and second, they must be inherited from both parents (assuming a recessive model of inheritance) or from the father assuming a combinatorial effect with the FOXC1 variant. In the former strategy, only eight variants were shared (Table 3) , but none could explain the cardiac phenotype alone or in conjunction with FOXC1 since there are no published data about their role neither in cardiac development or in CHD. In the latter, 18 shared variants were detected with no cardiac relevance for anyone of them; of note a nonsense variant in ZNF28 inherited from the father was not encountered in any database ( Table 3) . We moved then to assess each individual with cardiac defect alone by using the same strategy above. In patient II.3, 13 variants in a total of 7 genes were inherited from the father, however, none were previously implicated in CHD, nor were they implicated in a FOXC1 partnership ( Table 4 ). In contrast, patient II.6 had 17 variants in 15 genes inherited from her father but not encountered in the other siblings. Two of these variants were in genes implicated in heart development and cardiac pathology, NFATC1 and OBSCN ( Table 4 ). The two variants chr18:77170979 G>A for NFATC1 and chr1:228462101 G>A for OBSCN lead to novel missense variants, p.R222Q and p.C1880Y respectively. They were not reported previously and are predicted to be deleterious and damaging, potentially explaining the severe cardiac phenotype in the patient ( Table 4) .
genetic analysis (iV): a Family at risk of sudden Death?
A final thorough analysis of all predicted deleterious variants in the exome sequencing of patient II.6 showed a novel nonsense mutation in desmoglein (DSG2) (Figure 3A) , a gene implicated in arrhythmogenic right ventricular dysplasia. The variant is inherited from the father and is shared between four siblings ( Figure 3B ), including all three affected children with either glaucoma and/or CHD, in addition to a healthy sibling (II.1).
DiscUssiOn
Anterior segment dysgenesis englobes a wild spectrum of ocular defects that include among others the ARS, which is frequently (28) (29) (30) . The mutations associated with the ARS phenotype can range from frameshift mutations resulting in premature termination of translation in the forkhead domain or homeodomain, missense mutations reducing transactivation and protein interactions, and nonsense mutations causing haploinsufficiency of the gene product. Most of these mutations will hamper the stability of either one of these transcription factors protein complex over the DNA, and thus have a deleterious effect on transcriptional regulation of target genes (26, 31) . Most of the mutations in FOXC1 appear to be linked to isolated ocular defects or ocular, combined with cardiac, skeletal, and auditory defects. In this study, two of the children who suffered from glaucoma also suffered from CHD. Their mother however, had the same FOXC1 variant, but did not present with glaucoma or CHD, though she could have defects pertaining to anterior segment dysgenesis. This clinical heterogeneity suggested an important role for modifier factors (genetic, environmental, and/or stochastic) on the phenotypic outcomes. We are thus proposing a digenic model to account for some of the phenotypes in this particular family as deduced from a thorough analysis using WES.
Ocular Phenotype: Does FOXc1 need DPT for glaucoma?
Our results do point out to the determinant role of the p.R127C variant in the ocular phenotype manifested in the three affected children, and in particular to glaucoma which was manifested at very early ages. Only those individuals with this variant do have glaucoma with the exception of the mother, who is a carrier but is glaucoma-free. In search for modifier genes using WES, we could not detect any variation in genes pertaining to the anterior segment dysgenesis phenotype in general and to glaucoma in particular (Figure 1 and Table 1 ). In parallel, our analysis of the missense variant shows that it is novel and never reported before in the literature. However, the arginine amino acid at position 127 was linked to prior cases of ARS. In particular, a p.R127H variant was associated with an ARS case with the affected proband having severe ocular defects and glaucoma (32) . As in our case, this variant was inherited from his mother who does not have glaucoma, but has typical posterior embryotoxon. More recently, a case of ARS was linked to a missense mutation at the same position leading: the p.R127L variant was found in a proband with characteristics of ARS including glaucoma and a cardiac structural defect due to a PDA (33) . The patient inherited this variant from his father who was only diagnosed with glaucoma, while the patient's sister was not available for genetic testing since she passed away as a result of severe dilated cardiomyopathy. As in the published two cases, and in other cases whereby the severity of the ARS phenotype is more pronounced in the children versus their parents (32, 34) , we hypothesize that a modifier variant inherited from the FOXC1 "variant-free parent" would account for the severity of the phenotype in the children versus their parents. Our WES results identified a novel variant in the DPT gene inherited from the father and only present in the affected children with glaucoma but not in the healthy children. It could explain the early onset of the anterior segment dysgenesis phenotype and particularly glaucoma in this case. The p.Y149C missense variant is only found in the three affected children with glaucoma: it is predicted to be deleterious and is neither found in healthy Lebanese controls, nor in the gnomAD database (www.gnomad. broadinstitute.org). Additionally, there were no previous reports on the role of DPT in glaucoma, and only a few publications describe its expression and role in ocular development and pathology. DPT is an extracellular matrix protein required for the organization of collagen in the skin, as depicted in the mouse knockout model (35) . This latter did show also a defect in the corneal matrix organization, which coupled with the prominent expression of the protein in the optic nerve in zebrafish suggest a potential role in ocular development (36, 37) . We do suggest a genetic/molecular interaction between DPT and FOXC1, which would be largely disrupted by the missense mutations detected in our case. A double-heterozygous mouse model carrying only one copy of each gene would potentially yield better insight into this proposed interaction.
cardiac Phenotype: a FOXc1/nFaTc1 genetic interaction
The cardiac phenotype in the indexed-family is divided into two: a mild VSD not requiring any intervention and a severe TOFlike phenotype that required major intervention (Figure 1) . We sought that differential variants inherited from the father would contribute to this differential expressivity of the ARS phenotype within the three affected children in this family: two with a cardiac phenotype and the third with only glaucoma. Interestingly, we unravel two novel missense mutations in OBSCN (p.C1880Y) and NFATC1 (p.R222Q) that are predicted to be damaging ( Table 4) . Both variants are neither present in the Lebanese controls nor in the genome and exome databases. Given that OBCSN mutations have not been linked to CHD (38, 39) , but could be potentially causing cardiomyopathies, we hypothesize that the NFATC1 missense variant along the FOXC1 variant is responsible for the cardiac phenotype. Our rationale is based on previous findings from our group that only a compound mutation in NFATC1 could be linked to a cardiac phenotype (40) , which is also mirrored in the knockout mouse model for Nfatc1 that shows that the absence of both Nfatc1 alleles is required to have a severe cardiac phenotype while the heterozygous mice are healthy (41, 42) . Both FOXC1 and NFATC1 are expressed in the secondary heart field, and thus could be implicated in common transcriptional pathways that shape up the cardiac valves, and septation of the outflow tract (43, 44) . This notion of digenic and/or multigenic rationale to explain differential expressivity and penetrance associated with Mendelian-inherited disease is not novel and is being considered in different forms of glaucomas. It was shown that digenic variants in CYP1B1 and MYOC contribute to PCG and that variants in both FOXC1 and PITX2 are responsible for some cases of ARS (10, 45) . This prompted us to explore the frequency of CHD in patients with ARS carrying a Foxc1 mutation and whether or not there is a need to carry on WES to investigate the role of other variants in conjunction with FOXC1 that would explain these cardiac defects. show that the cardiac phenotype with which they are associated is not as clear as it is presumed. In some cases, the defect is not a structural one, while in most cases, it is found in only one affected child but not in the parent despite sharing the same variant (33, 46) . This reinforces the notion that another variant from the healthy parent in a genetic and/or molecular pathway implicating FOXC1 would be a potential hit to explain the cardiac-associated phenotype. In the case of p.Q70Hfs* 8 and p.P79T, only one affected patient out of two with the variant has an atrial septal defect (ASD) and PDA, respectively, while the parent carrying the mutated allele has a mild ARS phenotype and no cardiac defects (47, 48) . The same applies to p.A85P and p.R127L whereby only one of the two affected individuals has either ASD and pulmonary and aortic stenosis or PDA, respectively, whereas the parent from whom the mutation is inherited does not have cardiac defects (33, 49, 50) . In the p.S82T case, the initial description of the familial case did not include any structural cardiac defects (17) , whereas the report by Mears et al. mentioned cardiac anomalies (14) , and that by Du et al. mentioned ASD with neither description of the methods nor the number of affected individuals (33) . The same confusion applies to the p.G149D missense mutation, whereby the reported mutation was linked to ASD in one patient from a family whose members were not included, and whereby the information on the cardiac defect was only listed in a table. There was no description of the phenotype in the text, nor in the methodology used to assess it (49) . As for the p.F112S missense mutation, the two reports documenting this mutation point out to mitral valve regurgitation and/or congestive heart failure as phenotypes encountered at older ages in only two cases with this genotype whereas the rest did not show any cardiac anomaly (47, 51) . The same applies to p.R170W whereby one patient out of five with the mutation has mitral valve regurgitation requiring its replacement, and another an ASD diagnosed in early adolescent (46) . Finally, the p.L86F with only one patient having a myocardial infarct at 41 years of age (52) . These facts combined with the phenotypes observed in the Foxc1 initial knockout that did not show any cardiac defects should break down the claims that cardiac structural defects are often associated with the ARS phenotype (24) . Indeed, the expression of Foxc1 is barely detected in the mouse developing heart, and only the LacZ harboring knockout construct leads to structural cardiac defects when both Foxc1 alleles are deleted (47, 53) . The deletion of only one allele of Foxc1 has no effect on heart development in mice even in the context of a genetic model with both Foxc2 alleles deleted (23, 44) . Cardiac defects are thus seldom associated with the ARS phenotype, and we propose that other genes like NFATC1 when mutated would lead to CHD in the presence of a mutated allele of FOXC1.
The limitations in interpreting the cardiac phenotypes in the anterior segment dysgenesis cases could be therefore solved by applying WES for the parents and siblings of any such indexed patient. In our case, the results even go beyond the anterior segment dysgenesis phenotype to highlight a potential life-threat to members of this family with the expression of a nonsense mutation in DSG2 within its members that could lead to dilated cardiomyopathy and sudden cardiac death.
cOnclUsiOn This is the first study on a familial case of anterior segment dysgenesis glaucoma in Lebanon, a country with still a high rate of consanguineous marriages. We unravel by WES a novel mutation in FOXC1 behind the ocular basic phenotype, and we propose a digenic model for the glaucoma phenotype along a mutation in the DPT gene and another digenic model for CHD involving yet a novel mutation in NFATC1.
eThics sTaTeMenT
All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol-Bioch.GN.01-was approved by the Institution Review Board (IRB), at the American University of Beirut. aUThOr cOnTribUTiOns AK: did the experiments, analyzed the data, and wrote the first draft of the paper. CA-H, FB, MK, and MA: did the clinical diagnosis, analyzed the data, and participated in the writing up. HH and KS: did the recruitment and participated in the analysis of the data. GN: conceived the project, supervised the experiments, analyzed the data, participated the writing up, and obtained the funding (with MA).
acKnOWleDgMenTs
We thank all members of the indexed family for their participation in the study. Special thanks to Mrs. Inaam El-Rassy in the Molecular Core facility for Sanger sequencing. This work was supported by an MPP/URB grant from the American University of Beirut.
FUnDing
The work was funded by the Medical Practice Plan (MPP) and the University Research Board (URB) at the American University of Beirut (AUB).
sUPPleMenTarY MaTerial
The Supplementary Material for this article can be found online at http://journal.frontiersin.org/article/10.3389/fcvm.2017.00058/ full#supplementary-material.
